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Abstract

MicroBooNE is a short baseline neutrino oscillation experiment based at Fermilab that employs Liquid

Argon Time Projection Chamber (LArTPC) technology. One of its target measurements is to investigate

the nature of the excess of low energy electron-like events observed by MiniBooNE. This measurement will

require an excellent understanding of systematic uncertainties, obtained through testing the performance

of reconstruction algorithms on samples with known properties. However, using exclusively Monte Carlo

events for this task is limited by how well the discrepancies between simulation and data are understood.

An alternative is to test against samples of “chimera” events, which are made up of separate single-particle

components from data that are combined to create neutrino-like events. These chimera events can be used

to help quantify systematic uncertainties. This note covers the performance and status of creating and using

chimera events that match a target neutrino topology in MicroBooNE.

1 Introduction

1.1 The Deep Learning Low Energy Excess Analysis

A primary aim of MicroBooNE is to investigate the charged current quasi-elastic (CCQE)-like excess of νe
events observed by MiniBooNE at low energies. This low energy excess signal is expected to predominantly

appear in the 200–600 MeV range [1], where CCQE interactions dominate. Our approach is to identify

neutrino interactions with a final state of 1 lepton, 1 proton, and 0 mesons, which allows the analysis to use

the constraint of two-body scattering kinematics to reduce both cosmogenic and non-CCQE backgrounds.

The MicroBooNE detector [2], located 470 m from the Booster Neutrino Beam (BNB) target, utilizes a time

projection chamber (TPC), which drifts electrons obtained from the ionization of argon along the trajectories

of charged particles using an applied electric field of 273 V/cm through to three wire planes (U, V, Y) that

provide the charge read-out. The wire spacing of 3 mm and shaping time of 2µs results in highly detailed

event information which we exploit to create “images” for this analysis. The MicroBooNE detector also

employs a set of 32 photomultiplier tubes (PMTs) to collect scintillation light.

The Deep Learning Low Energy Excess (DL LEE) analysis uses “traditional” pattern-recognition al-

gorithms for cosmic ray rejection, vertex-finding, and 3-D reconstruction [3] and uses convolutional neural
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networks (CNNs) for particle identification [4, 5, 6], for which our images are well-suited. Thus, the key to the

DL LEE analysis is to identify events with one electron and one proton meeting at a vertex (1e1p) consistent

with CCQE events at the LEE signal energies [7]. To constrain systematic uncertainties, we simultaneously

fit to the νµ interaction counterpart, 1µ1p, since these events occur at similar neutrino energies and share

flux and cross-section systematics.

1.2 DL LEE Analysis Chain Steps

The DL LEE analysis consists of the following main steps [8]:

1. Cuts based on observed PMT light to remove non-signal low energy events that are dominated by

cosmic rays and are not relevant to the analysis.

2. Conversion of wire response data to an image format in 2D. This is done by filling a 2D array where

each entry–or “pixel”–is the amount of charge deposited at a given time and wire [5].

3. Identification of areas of deposited charge in the image as either cosmic ray tracks or a contained region

of potential interest for this analysis.

4. Identification of each pixel as track-like (corresponding to a muon, proton, or charged meson), shower-

like (corresponding to either an electron or photon), or background using a convolutional neural network

[9].

5. Three-dimensional neutrino interaction vertex finding [3].

6. Three-dimensional reconstruction of tracks and showers starting from the vertex [3].

7. Selection of events with two reconstructed particles, taken as 1`1p event candidates.

8. Sorting of an event into either a 1e1p or 1µ1p pool based on max shower pixel fraction to proceed

to the separate 1e1p and 1µ1p selections. Both selections use the output of a deep-learning-based

multi-particle event identification algorithm to determine the particle content at the interaction vertex

[6], but each selection has has its own Boosted Decision Tree (BDT) to identify candidates.

9. Constrain the systematics on the 1e1p candidates using the 1µ1p candidates.

10. Determine the consistency of the 1e1p candidates with the Standard Model prediction.

This analysis chain succeeds in isolating a high-purity sample of νe CCQE events with sufficient energy

resolution to separate the low energy signal from the intrinsic νe background [8].

1.3 Chimera Events

As part of studies on systematic uncertainties in MicroBooNE, the performance of algorithms must be

tested on event samples with known properties. Examples of existing samples are Monte Carlo events, data

events found through hand scanning, and cosmic muon events identified by the Muon Counter System [10].

Chimera events consist of single-particle components from cosmic data that are selected and combined to
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create neutrino-like events. They provide a sample of events made using data that cover all the physics

parameter space of interest for the signal region in the low energy excess analysis. For example, a νµ-like

chimera would be a cosmic stopping muon, with the entering portion of the track removed so that it appears

to be contained inside the fiducial volume, and either a proton track from a neutrino interaction or a proton

produced by a neutron placed together so that they appear to be outgoing from a common vertex. We plan

to create both νµ-like and νe-like chimera events.

Chimera events are created out of component particles that have already been reconstructed [3] and are

placed at a known location within the event, so that the track vs. shower content of the hits and location

of the vertex are known. We can evaluate the performance of the algorithms by comparing the results of

reconstruction to the known “truth” information of the chimera. For example, the vertexer in step 5 of the

DL LEE analysis chain has a dependence on opening angle; chimeras can be used to check for data and

Monte Carlo disagreement here. Furthermore, chimeras allow us to produce a data sample where we can

evaluate the selection’s efficiency and the reconstruction’s visible energy resolution for events similar to our

target final state.

However, we do expect the chimera sample to have some biases. Known biases include the angle of

the component particles and imperfect modeling of activity at the interaction vertex. We also expect these

biases to be different from event samples obtained by other methods. Hence the chimera events provide

a complementary event sample that will be useful as an additional data-driven test for understanding our

systematics.

We will use chimera events to test several components of the analysis chain. In particular, we are

interested in testing the track vs. shower labeling by the semantic segmentation network and the vertex

reconstruction algorithm.

2 Creating Chimera Events

2.1 Overview

This note demonstrates a proof-of-principle method for the creation of νµ chimera events. Our algorithms

have so far only been implemented for track objects, not shower objects, limiting the scope to νµ events.

However, a future expansion to νe events is planned.

The prototype for the creation of a chimera event works as follows. We first choose an input event sample

including muon and proton tracks. This sample can in theory contain a neutrino event or be entirely made

up of cosmic events; the muon and proton in question do not have to be attached at a vertex. We then

choose a desired 3D vertex position, length of muon and proton tracks, and θ and φ angles of the tracks,

where θ refers to the angle of the track from the beam direction (θ = 0 corresponds to the track being along

the beam direction) and φ refers to rotation (φ = 0 is along the drift direction). This choice can be made

by the user manually, or can be taken from an existing event. The “closest matching candidate” for both a

muon and proton is then chosen from the input pool of events given the desired parameter values. In the

case of a two-prong event, we determine whether a track is a candidate muon or proton by taking the track

with the higher average ionization to be the proton, and the other to be a muon. The selection of the “best

candidate track” of the pool for each respective particle is then made by maximizing a log likelihood product
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of these variables, with individual weights that can be parameterized.

The likelihood is constructed in the following manner. For each of the parameters, ψj 2 f x, y, z, φ, θ, lg,

we define the target values, ψ̂j . We use a Gaussian with means ψ̂j and variances σ2
ψj

to assign a score to

each ith track, which is a function of the value of parameters for that track, ψi,j . The score, fi, is then

fi =
1√

2πσ2
ψj

e
−

(ψi,j−ψ̂j)
2

2σ2
ψj . (1)

We choose the track by finding the instance in our pool that maximizes

ln(fi) =
∑
j

(ψi,j � ψ̂j)
2

2σ2
ψj

. (2)

The σ2
ψj

values allow us to adjust the relative importance of each variable when identifying a matching track.

A separate algorithm isolates tracks from a given event and creates a pool of isolated track images to

later piece together to create a chimera event. Here, we take as input a charge deposition image and a track

object associated with an event, and return a set of charge deposition images each containing only a single

track taken from the original event. This “separation” is done by looping through all identified neutrino

interaction vertices in the input event, and then all tracks associated with the given vertex, followed by

removing all pixels apart from those associated with the track. We will note here that currently, we do not

make corrections due to extra charge around the vertex belonging to another track; this work is currently in

progress.

After a “best candidate lepton” and “best candidate proton” are found by maximizing the product of

the likelihoods of the six parameters of interest for each particle, we then place the tracks together onto

one image at their vertex. This algorithm takes as input selected track information containing run, subrun,

and event number; kinematic variable values for the muon and proton; and the images of isolated tracks

corresponding to each selected particle. The output is a charge deposition image of the newly constructed

chimera event. After the individual tracks are placed into one image, one of the tracks is shifted to align

with the vertex of the other track. We have chosen to only shift the candidate proton track to align with

the candidate muon vertex to minimize the amount of overall shifting of pixels, since proton tracks tend to

overall be shorter in length. This pixel shifting is shown in Figure 1. In the final form of the procedure, the

tracks will instead be drawn into a data event with cosmics and noise in the background. The result will

be an event with a νµ-like topology with all tracks, cosmic backgrounds, and noise from detector data. The

first chimera event produced using this prototype process is shown in Figure 2.

2.2 Current Limitations and Strengths

There are some limitations to the application of chimera events, which we describe here. For one, optical

information from the MicroBooNE PMTs will not match the chimera interaction. We also do not locate

the absolute x-position of tracks, though this can be accounted for in future work. Similarly, differences in

detector response in the YZ plane are also not currently taken into account. The effects of space charge on

the shifted tracks are also not corrected for. This is an inherent limitation; a track shifted in the x-direction
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Figure 1: Demonstration of pixel shifting. The vertical axis indicates time tick and horizontal axis indicates

U-plane wire number. Note that time = 0 here represents 2400 ticks in the MicroBooNE readout plane.

The z-axis corresponds to amount of charge deposition. In image (a), the chosen muon and proton tracks

are in their original positions. In image (b), the proton track has been shifted to align with the beginning

point of the muon track to create a vertex. Note that temporarily unresponsive and “dead” wire regions,

represented by blue vertical stripes, are shifted as well. The union of these regions is taken when creating

the final image.

will not have the correct effect from space charge as would be expected in that area of the detector. We

currently allow movement in the x-direction during chimera creation only due to the limited number of events

available. With chimera events, we can, in the future, determine a measure of efficiency as a function of both

opening angle and track length. However, it should be noted that this would be done for an acute opening

neutrino angle in the collection plane only, since we can simply combine images by element-wise addition in

this plane. We are limited in the induction planes, where this is more complex.

Compared to other methods of studying uncertainties, like changing wire signals in Monte Carlo, the

use of chimera events has some strengths. One major advantage is that we work completely with data.

Since chimera tracks are created from data components, no Monte Carlo, or “truth,” information enters the

creation of these events, with the intention to sidestep any discrepancies we see in simulating the MicroBooNE

detector. Another advantage of this method is that the effects on shortening tracks can be explored; for

example, we can take an event and delete the middle portion of a muon track to study the effect this has on

reconstruction. In a similar manner, we can also zero-out various wires of a chimera image to “simulate” dead

wire channels of different sizes and explore the effect this has on efficiency and reconstruction. This specific

test will allow us to study how close dead regions can be to a vertex before they introduce complications

with our vertexer. A third application is summing a chimera image with one or more cosmic rays, which we

can use to test the efficiency and reconstruction of both the vertexer and tracker.
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Figure 2: The first chimera event produced using the prototype chimera process. The horizontal and vertical

axes indicate Y-wire and time, respectively. The color scale corresponds to charge deposition. The text on

the figure shows the actual and requested parameters for the two tracks, in white and yellow respectively. The

likelihood score measures how “well” the selected particle matches all requested parameters; for example, the

muon and proton in this image have the highest scores compared with other candidate muons and protons

in the pool.
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